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ABSTRACT: We investigate the radiative properties of plasm
onic core-shell nanowire resonators and, using boundary
element method calculations, demonstrate enhanced radiative
decay rate by up to 3500 times in nanoscale compound semi-
conductor/metal cavities. Calculation of the local density of
optical states enables identification of new types of modes in
cavities with mode volumes on the order of 10-4(λ/n)3. These
modes dramatically enhance the radiative decay rate and sig-
nificantly modify the polarization of far-field emission.
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In 1946, Purcell reported that the radiative decay rate could bemodified when the emission is coupled to a resonant cavity,1
and since then researchers have devoted considerable effort to
enhancing light emission from semiconductors and molecules
using optical geometries that exhibit high Purcell factors. To
effectively enhance the rate of radiative emission, one must maxi-
mize the quantity of Q/V, where Q is the quality factor of the
resonance and V is the modal volume. In conventional dielectric
cavities, high Q/V factors are traditionally achieved by creating
resonators with high quality factors (Q > 106), but in volumes
larger than (λ/n)3, where λ is the wavelength and n is the re-
fractive index. In plasmonic cavities such as the core-shell
nanowire resonators described here, modes with low quality
factors (Q < 50) are confined to subwavelength effective mode
volumes Veff and thus can achieve high figures of merit Q/Veff.
It has long been recognized that metal films and nanostructures
can enhance thefluorescence ofmolecules2,3 and semiconductors,4,5
and more recently a number of more complex plasmonic nano-
particle and nanoantenna geometries have been employed to
modify the radiative emission rate.6,7a,7b Previous work demon-
strated greater than 90 times8 and greater than 40 times5 plasm-
onic enhancement of radiative emission for InGaN quantum wells
in planar and metal nanoparticle geometries. We have achieved a
much more dramatic emission rate enhancement of greater than
3000 times by coupling directly to the active semiconductor
region in a cylindrical geometry. Achieving high Purcell enhance-
ments by confining the active region in a subwavelength cavity,
one can access a regime in which spontaneous emission rates
exceed stimulated emission rates, potentially enabling modula-
tion speeds much faster than lasers.9 In this Letter, we apply the
so-called zero mode of a subwavelength hole10 to a cylindrical
plasmonic nanocavity11,12 and demonstrate that this ultrasmall
mode volume resonator dramatically enhances the radiative decay
rate of active semiconductor materials.
We investigate plasmonic core-shell nanowire resonators
consisting of a III-V compound semiconductor heterostructure
nanowire core surrounded by an optically thick Ag coating,
shown schematically in Figure 1a. Enhancing the spontaneous
emission rate of III-V semiconductors is of particular interest
because they have high internal quantum efficiency and an ability
to form high-quality heterostructures. The semiconductor hetero-
structure core has an active light emitting region (length LA,
radius a) clad on all sides with a larger band gap material (length
LC and thin spacer layer thickness s), an Ag coating thickness
T, and a total resonator length L = LA þ 2LC. This geometry
allows for significant modification of the local density of optical
states (LDOS), which describes the available optical eigenmodes
for photons at a specific position, orientation, and frequency. The
decay rate of excited atoms is proportional to the LDOS. Chang-
ing the material and dimensions of the semiconductor core
directly modifies the LDOS and thus controls the total and
radiative decay rates. Furthermore, we take advantage of the
modest quality factors in these plasmonic nanostructures (Q < 50)
to achieve band-to-band decay rate enhancement. We use the
boundary element method (BEM) to investigate the LDOS in
these structures,13,14 choosing dimensions of the resonator such
that the lowest order longitudinal mode overlaps with the emis-
sionwavelength of the activematerial. For this mode, we determine
the LDOS, effective mode volume (Veff), quality factor (Q),
enhancements in the total and radiative decay rates (Γtot and
Γrad, respectively, normalized to decay in vacuum, Γ0), and the
corresponding quantum efficiency, η = Γrad/Γtot.
In the BEM, calculations are performed in the frequency
domain with the electromagnetic field in each homogeneous
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region expressed as a function of auxiliary boundary charges and
currents. After boundary conditions are applied, a set of linear
integrals is obtained and solved by discretization. The axial
symmetry of core-shell nanowire resonators allows decomposi-
tion of the fields into uncoupled azimuthal components m with
angular dependence eımφ. This results in an essentially one-dimen-
sional field calculation that is solvedwith great accuracy. Converged
results are found for values of m defined by m = -1, 0, 1, and the
lowest order λ/2 mode we investigate here has m = 1 symmetry.
The dielectric functions of the core and cladding materials are
input using tabulated data.15-19 The frequencies ω of the relevant
resonant modes that produce enhanced emission are determined
by calculating the LDOSF for a dipole emitter oriented along a radial
direction using the relation20
F ¼ ω
2n
3π2c3
þ 1
2π2ω
ImfEscat=Dg ð1Þ
where c is the speed of light in vacuum, n is the refractive index of
the active semiconductor,D is the dipole strength, and Escat is the
contribution to the electric field due to scattering at the inter-
faces, evaluated at the position of the emitter, and projected along
the direction of polarization. The resonance quality factor, Q, is
determined by fitting a Lorentzian line shape to a plot of F vs ω,
and Q = ω/Δω, where Δω is the full width at half-maximum.
Besides calculating the LDOS, we determine the spatial near-
field electric field intensity (NF |E|2) profiles of each mode by
using plane-wave excitation incident at θ = 0, polarized along an
arbitrary radial direction (see Figure 1a). The effective mode
volume Veff is defined as a cylinder with length Leff and radius aeff
given by the 1/e decay distance of the peak field intensity inside
the semiconductor core, such that Veff = πaeff
2Leff. To determine
what portion of the decay contributes to radiative emission and
absorption, we assume that the compound semiconductor active
material has unit internal quantum efficiency in homogeneous
bulk materials21 and for dipoles located inside the active region
calculate the enhancements in the total and radiative decay rates
normalized to Γ0, the decay rate in vacuum, given by
Γ0 ¼ 43
jDvacj2
p
ω
c
 3
ð2Þ
whereDvac is the dipole strength in vacuum. The total decay rate,
Γtot, is related to the LDOS F as
Γtot ¼ 4π
2ωjDj2
p
F ð3Þ
where the relation D = (3n2/(2n2 þ 1))*Dvac originates in local-
field corrections for emission inside a dielectric of refractive index n.
Finally, the radiative decay rate, Γrad, is calculated by integrat-
ing the far-field Poynting vector for a dipole source (polarized
along r) located in the center of the resonator core. If instead of
considering an arbitrary radial direction, we perform an isotropic
average of the radial (x and y) and longitudinal (z) dipoles in both
Γtot and Γrad calculations, the values we report for the total and
radiative decay rates are decreased by approximately 33%, as the
longitudinal dipole does not couple efficiently to the desired mode.
Detailed results are presented for three resonators, each
composed of a different III-V compound semiconductor active
emitter (GaAs, Al0.42Ga0.58As, and In0.15Ga0.85N). We first con-
sider GaAs as an active material with a band gap (emission
wavelength) Eg = 1.424 eV (λ = 870 nm), clad with In0.51Ga0.49P.
A thin In0.51Ga0.49P spacer layer is located between the GaAs
active region and Ag coating to prevent quenching of excitons
located near the metal/semiconductor interface. The lowest-
order longitudinal mode occurs at the proper wavelength for
a resonator with dimensions a = 36 nm, s = 6 nm, LA = 100 nm,
LC = 25 nm, and T = 100 nm. Figure 1b is a contour plot of the
LDOS as a function of both wavelength and distance along the z
axis at a constant radial position of r = 1 nm. We evaluate the
LDOS at a distance of 1 nm from the axis of the structure in order
to avoid pathological divergences arising when evaluating gra-
dients and rotationals in cylindrical coordinates. Nevetheless,
the variation of the LDOS over such small radial distance
is negligible. It is clear from this plot that the mode at λ =
870 nmhas LDOSpeaked in theGaAs region of the core. Additional
modes are supported at shorter wavelengths, but these do not
overlap with the emission wavelength of the active material and
do not have the proper symmetry to support large decay rate
enhancements. Plane wave excitation at λ = 870 nm allows
investigation of the electric field localization, and high confine-
ment of the fields in both the radial and longitudinal directions is
demonstrated in the two-dimensional NF |E|2 cross section of
Figure 1c. The regions of high field intensity in the core correlate
to regions of high LDOS and thus also to large enhancements in
the total decay rate. This mode has a moderate quality factor of
Figure 1. (a) Schematic of a plasmonic core-shell nanoresonator. The
nanowire core consists of a III-V semiconductor active layer (length LA
and radius a) clad with a wider band gap III-V semiconductor (segment
lengths LC and spacer thickness s) and coated with Ag (thickness T and
total length L = 2LC þ LA). (b) Resonant modes for a structure with
GaAs active layer (a = 36 nm, LA = 100 nm), In0.51Ga0.49P cladding
(s = 5 nm, LC = 25 nm), and Ag coating thickness T = 100 nm. The
LDOS is calculated at a constant radial position of r = 1 nm from the
center of the resonator core and normalized to the LDOS in vacuum.
(c) Two-dimensional NF |E|2 cross section for plane-wave excitation at
λ = 870 nm (θ = 0), the emission wavelength of GaAs.
374 dx.doi.org/10.1021/nl102878b |Nano Lett. 2011, 11, 372–376
Nano Letters LETTER
45 and Veff = 0.070(λ/n)
3, for Q/Veff = 645(λ/n)
-3. The decay
rate enhancements are calculated for a dipole located in the
center of the resonator polarized along the r direction, and we
find Γtot/Γ0 = 223, Γrad/Γ0 = 128, and η = 0.57.
To investigate smaller structures with modes at shorter
wavelengths, we chose Al0.42Ga0.58As as the active material. This
alloy has Eg = 1.95 eV, emitting at a wavelength of λ = 637 nm.
A ternary alloy with higher Al content, Al0.70Ga0.30As, is chosen
for the cladding and spacermaterial, which is an indirect band gap
semiconductor with Eg = 2.07 eV. A core-shell nanowire reso-
nator composed of these materials with dimensions a = 14 nm,
s = 5 nm, LA = 20 nm, LC = 30 nm, andT = 100 nm has the lowest
order longitudinal mode at λ = 637 nm. The LDOSmode profile
along the length of the resonator, calculated at a radial position of
r = 1 nm from the center of the core, is shown in Figure 2a. Note
the 2-fold increase in LDOS of the lowest order mode as
compared to the larger GaAs structure. The two-dimensional
NF |E|2 profile for the mode at λ = 637 nm in Figure 2b demon-
strates that even in this smaller structure, fields are highly con-
fined in the semiconductor core with minimal field penetration
into the surrounding medium. This mode has Q = 30, Veff =
0.021(λ/n)3, and Q/Veff = 1435(λ/n)
-3, with decay rate en-
hancement Γtot/Γ0 = 460, Γrad/Γ0 = 280, and η = 0.60. Com-
paring these results to the GaAs resonator, we see that the smaller
resonator continues to exhibit high modal confinement with a
Veff approximately equal to the physical volume of the semicon-
ductor core and that the lowest-order mode does not sustain
much loss in quality factor with decreased dimensions. Thus, the
figure of meritQ/Veffmore than doubles in this smaller resonator
relative to the first example using GaAs, described above.
Next, we consider as our active layer a 2 nm In0.15Ga0.85N
single quantum well (SQW), with GaN as the cladding. Excitons
in the In0.15Ga0.85N are highly localized, and therefore an explicit
spacer layer is not modeled in this structure. The In0.15Ga0.85N
quantum well emits at λ = 440 nm, and the resonator with the
lowest-order longitudinal mode at this wavelength has dimen-
sions of a = 5 nm, LA = 2 nm, LC = 10 nm, and T = 50 nm. In this
deeply subwavelength resonator, only extremely evanescent
modes are supported. The LDOS and NF |E|2 for plane-wave
excitation at θ = 0 along the length of the wire are shown in
Figure 3a. At λ = 440 nm, the peak LDOS is localized within the
In0.15Ga0.85N SQWwith a peak value of 900, more than 20 times
the peak LDOS of the GaAs and Al0.42Ga0.58As resonators.
Additionally, the NF |E|2 cross section in Figure 3b illustrates
the high level of confinement within the core of this deeply
subwavelength structure and a peak electric field intensity of
3000 times larger than the incident plane wave. This highest
LDOS and NF |E|2 of the three resonators studied in detail here
is achieved with the smallest resonator volume. We calculate
Q = 32 andVeff = 4.3 10-4(λ/n)3 and find the highestQ/Veff in
this ultrasmall resonator at 7.4  104(λ/n)-3. Dramatic decay
rate enhancements are found for this structure, with Γtot/Γ0 =
8200, Γrad/Γ0 = 3500, and η = 0.43, which exceeds the radiative
decay rate enhancements reported for metal nanoparticle struc-
tures by more than 30 times.8 This demonstrates that upon the
transition from subwavelength resonators that support eigen-
modes with sizable retardation effects to ultrasmall resonators
that support highly evanescent modes of nonretarded nature,
plasmonic core-shell nanowire resonators with dimensions on
the order of λ/50 are able to strongly confine modes within the
semiconductor core and to achieve dramatic enhancements in
the radiative decay rate.
The total decay rate enhancements and corresponding quan-
tum efficiencies are plotted in Figure 4. Peaks in the plot of
Γtot/Γ0 versus wavelength correspond to the resonant modes
illustrated in the LDOS plots of Figure 1b, Figure 2a, and
Figure 3a. The largest decay rate enhancements are seen for
the λ = 440 nm mode of the ultrasmall In0.15Ga0.85N resonator,
although significant enhancements are also observed for the GaAs
and Al0.42Ga0.58As resonators. Additionally, the quantum efficiencies
Figure 2. (a) LDOS showing the resonant modes for a structure with
Al0.42Ga0.58As active layer (a = 15 nm, LA = 20 nm), Al0.70Ga0.30As
cladding (s = 5 nm, LC = 30 nm), and Ag coating (T = 100 nm),
calculated at a constant radial position of r = 1 nm from the center of the
resonator core and normalized to the LDOS in vacuum. (b) Two-dim-
ensional NF |E|2 cross section for the resonance at the Al0.42Ga0.58As
emission wavelength of λ = 637 nm (plane wave excitation at θ = 0).
Figure 3. (a) LDOS (normalized to LDOS in vacuum) and NF |E|2 vs
wavelength and (b) cross-sectional NF |E|2 profile for a structure with
In0.15Ga0.85N active layer (a = 5 nm, LA = 2 nm), GaN cladding (LC =
10 nm and no spacer layer), and Ag coating (T = 50 nm). LDOS and NF
|E|2 in (a) are calculated at a radial position of r = 1 nm from the center.
Two-dimensonal NF |E|2 is calculated for plane-wave excitation at λ =
440 nm (θ = 0), the emission wavelength of the InGaN quantum well.
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η at the wavelengths of interest are >50% for these two resonators.
Remarkably, even the smallest resonator (In0.15Ga0.85N SQW)
maintains a reasonable quantum efficiency >40%, suggesting that
a large portion of the enhanced total decay rate correlates to
observable photons. The colored shaded regions on the graph
correspond to a typical LED bandwidth centered at the emission
wavelength of the active material, and because of the moderate
quality factors in these plasmonic resonators, the decay rates are
enhanced significantly throughout the entire band.
Finally, we also calculate the polarization dependence of
the far-field radiation at the emission wavelength of each III-V
semiconductor plasmonic core-shell nanowire resonators and
compare that to the emission polarization from an uncoated wire
(GaAs active region with a = 36 nm, LA = 100 nm, In0.51Ga0.49P
cladding and spacer with s = 6 nm and LC = 25 nm, and no Ag
coating). The polar plot is seen in the inset of Figure 4 for
an observer looking down a radial axis. The far-field radiation is
determined for dipole excitation in the center of the resonator
core, and the emission is isotropically averaged for all three dipole
orientations (x, y, and z). The uncoated wire has a dipolar
emission pattern oriented transverse to the longitudinal axis of
the nanowire. Although not plotted here, the uncoated wires with
In0.15Ga0.85N and Al0.42Ga0.58As active regions show the same
dipolar radiation pattern. With the Ag coating, all three of the
resonators have a strongly modified emission polarization that is
now oriented parallel to the longitudinal axis of the resonator.
Thus, the plasmonic coating modifies not only the total and
radiative decay rates but also the direction of far-field radiation.
The detailed geometry of the coating controls the emission
direction, as observed in the decay of single molecules placed
close to a nanoantenna.22
In summary, we have introduced the III-V semiconductor
plasmonic core-shell nanowire resonator geometry and shown
that it is suitable for achieving dramatic decay rate enhancements
for a variety of III-Vmaterials, namely, GaAs, Al0.42Ga0.58As and
In0.15Ga0.85N. In all three structures, the dimensions are chosen
such that the lowest-order longitudinal mode occurs at the band-
edge emission wavelength of the active material, and the electric
fields are highly confined within the resonator core. The in-
creased LDOS due to the plasmonic coating contributes directly
to enhanced emission, and total decay rate enhancements
of >8000 with quantum efficiency of >40% are observed for a
structure with dimensions on the order of λ/50. Additionally,
Q/V > 104(λ/n)-3 was calculated, a value competitive with con-
ventional high-Q dielectric microcavities. The numerical results
are summarized in Table 1. We anticipate that as we continue to
shrink resonator dimensions and incorporate new active materi-
als that emit near the surface plasmon resonance, even higher
LDOS and radiative decay rate enhancements will be achievable.
This work demonstrates that III-V semiconductor plasmonic
core-shell nanoresonators are a promising design for fast, bright,
nanoscale, and perhaps even directional on-chip light sources.
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